Abstract Focal onset epilepsies most often occur in the temporal lobes. To improve diagnosis and therapy of patients suffering from pharmacoresistant temporal lobe epilepsy it is highly important to better understand the underlying functional and structural networks. In mesial temporal lobe epilepsy (MTLE) widespread functional networks are involved in seizure generation and propagation. In this study we have analyzed the spatial distribution of hemodynamic correlates (HC) to interictal epileptiform discharges on simultaneous EEG/fMRI recordings and relative grey matter volume (rGMV) reductions in 10 patients with MTLE. HC occurred beyond the seizure onset zone in the hippocampus, in the ipsilateral insular/operculum, temporo-polar and lateral neocortex, cerebellum, along the central sulcus and bilaterally in the cingulate gyrus. rGMV reductions were detected in the middle temporal gyrus, inferior temporal gyrus and uncus to the hippocampus, the insula, the posterior cingulate and the anterior lobe of the cerebellum. Overlaps between HC and decreased rGMV were detected along the mesolimbic network ipsilateral to the seizure onset zone. We conclude that interictal epileptic activity in MTLE induces widespread metabolic changes in functional networks involved in MTLE seizure activity. These functional networks are spatially overlapping with areas that show a reduction in relative grey matter volumes.
Introduction
Specific cortical and subcortical networks are increasingly recognized as fundamental elements that contribute to the generation and spread of focal onset seizures throughout the human brain [2, 23, 24, 47] . These networks are represented either by structural modifications or by functional characteristics of electric activity in the human cortex. In mesial temporal lobe epilepsy (MTLE), such structural abnormalities extend widely beyond the seizure onset zone (SOZ) in the mesial temporal lobe. Structural alterations (i.e., volume loss and reduced synaptic density) have been identified in the insula, the parahippocampal and lingual gyrus, the frontal neocortex, the cingulate gyrus, and the thalamus [5, 7, 16, 42] . The extent of temporal and extratemporal atrophy correlates well with duration and severity of epilepsy [8, 12] . Moreover, a correlation between distinct seizure semiology and topography of structural alterations has been reported [46] . Excitotoxic effects during seizures and interictal epileptiform discharges may lead to neuronal loss [33, 48] , but the underlying processes driving the progression of cortical changes are still not fully understood. Characteristic propagation patterns of epileptic activity recorded with intracranial EEG and ictal SPECT in MTLE have been identified resembling three major physiological neuronal networks: (1) the medial temporal/limbic network, (2) the superior parietal/medial frontal network and (3) the medial occipital/lateral temporal network [23, 49] . The reciprocal excitatory and inhibitory interconnections within the networks are essential for normal information processing, as those of language and memory [14, 54] , but may also transmit abnormal signals in epileptic disorders [38] .
In epilepsy, characterization of temporal network functions based on signal propagation is rigorous and most informative when analyzed by intracranial EEG. Spatial network distributions, however, may be more accurately detected by functional neuroimaging. Investigation of hemodynamic correlates (HC) linked to interictal epileptiform discharges (IEDs) by simultaneous EEG/fMRI is an increasingly recognized approach to studying spatial compositions of epileptic networks during seizure-free periods. EEG/fMRI studies have explored network properties of HC in temporal lobe epilepsy and HC in the temporal and extratemporal cortex have been reported [18, 32, 35] . However, the extent of metabolic changes and their role in the pathophysiology of seizure generation and spread remains unclear. Following studies dedicated to the identification of local abnormalities, we expect that studies of epileptic activity and its substrate will focus increasingly on large-scale network aspects. Here, we report the group analysis of simultaneous EEG/fMRI recordings in a series of MTLE patients in order to identify the relationship between HC and IEDs and structural alterations. We hypothesized that HC linked to IEDs reflect the large-scale topography of structurally altered brain areas and indicate core structures in MTLE networks.
Methods

Subjects
Ten right-handed patients from the local presurgical epilepsy programme who underwent EEG/fMRI were retrospectively selected from our database. Mean age of the patients was 40.1 ± 15.7 years (range 20-68 years, 3 females). Inclusion criteria were (a) mesial temporal lobe epilepsy, (b) interictal discharges during the EEG/fMRI recordings and presence of BOLD correlates in the SOZ [29] . All patients had a history of partial-complex seizures (mean duration 25.1 years, range 2-47 years). Structural neuroimaging was performed by high-resolution MRI at 3T using a dedicated epilepsy protocol [27] . In addition, 10 right-handed gender and age matched healthy controls were recruited on a voluntary basis (mean age 40.7 ± 13.2 years, range 23-66 years, seven males and three females). All study participants gave written informed consent. The study was approved by the institutional ethics committee in accordance with the Declaration of Helsinki. Individual data of patients 1-4 and 6-9 have been published previously in a case series to evaluating the localization value of the SOZ by EEG/fMRI recordings [25] .
MRI setup and acquisition MRI was performed on a 3T Siemens Magnetom Trio TIM system (Siemens AG, Erlangen, Germany). High-resolution three-dimensional (3D) volume images were obtained using a multiplanar rapid gradient echo sequence (MP-RAGE, 176 sagittal slices, isovoxel resolution = 1.0 mm, FOV 256 9 256 mm, matrix size = 256 9 256, TR/TE/ TI = 1,950/2.15/900 ms). Functional MRI was performed with a multi-slice single-shot T2*-weighted echo planar imaging sequence (32 slices, slice thickness = 3 mm, gap thickness = 0.75 mm, TR/TE = 1,980/30 ms; matrix size 64 9 64 mm; FoV 192 9 192 mm; flip angle: 90°) with a total of 460 volumes.
Voxel-based morphometry (VBM) analysis
Every scan was checked for image artifacts and gross anatomical abnormalities. The SOZ of three patients (Patient 5, 6 and 10) was determined in the left mesial temporal lobe and the images were flipped accordingly in advance of further processing. Postprocessing, and data analysis was performed with SPM 5, using the VBM 5.1 toolbox (http://dbm.neuro.uni-jena.de) running with Matlab 7.1 (The MathWorks, Natick, MA) [37] . To identify effects of relative volumes corrected for different brain sizes and shapes, a modulation step correcting for nonlinear warping was performed. Processing for VBM included unified segmentation with hidden Markov random field on the estimated tissue maps (3 9 3 9 3 voxel) [40] . Images were processed using International Consortium for Brain Mapping template (ICBM) tissue priors, modulated normalization, bias correction and affine registration. Smoothing was performed at a 8-mm full-width at halfmaximum Gaussian kernel resulting in final tissue maps of grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF). Age and total intracranial volume (TIV) were classified as nuisance covariates in the comparisons of GM volumes between MTLE and normal healthy controls. Analysis was restricted to the grey matter maps in order to identify the core areas of relative GM volume reduction between the patients and healthy controls [41] . Morphologic differences were estimated with two-sample student t tests. In VBM analysis, a map of the t statistic was generated by assigning each voxel to the test value, where inferences about rGMV differences were made at a combined voxel level of t = 3.1 (uncorrected) and a cluster size extent threshold level of 1,600 voxels (1,600 mm 3 ) resulting in a threshold corrected for multiple comparison of p \ 0.05. EEG/fMRI setup, recording, preprocessing, and intrasubject data analysis procedures Setup, recording, preprocessing, and data analysis of the individual EEG and fMRI data were performed as described in Jann et al. [29] . The EEGs recorded outside and inside the MR scanner were concatenated and decomposed into independent components (IC) applying an extended infomax independent component analysis (ICA) algorithm [15] . Volumes with artifacts in the corresponding EEG epoch (e.g., motion, residual MR-artifacts) were excluded from analysis. The resulting ICs were visually inspected by two experienced electroencephalographers (RW, MH) taking into account their temporal dynamics (i.e., the epileptiform activity and the loadings of the selected IC occur at the same timepoints) and the scalp distributions of IEDs in the original EEG and the specific IC scalp map (weighting of IC-factor onto the single electrodes). The IC best representing the interictal epileptiform activity was then selected by consent [26] , convolved with a standard double gamma hemodynamic response function (HRF) [22] and used as predictor for the fMRI BOLD signal in the correlation estimation. Preprocessing of the functional MRdataset consisted of slice-scan time correction, removal of low-frequency drifts, 3D motion detection and correction, and spatial smoothing with a Gaussian Kernel of 8 mm FWHM. Co-registration of the 2D functional to the 3D structural images was performed using the scanner's slice position parameters of the T2*-weighted measurements and the T1-weighted anatomical measurements. Individual anatomical and functional data sets were co-registered and normalized to the Talairach space and masked to grey matter (BrainVoyagerQX 1.10.2 (Brain Innovation, Maastricht, The Netherlands)). Correlation estimation between the IC-based predictor of the IEDs and the BOLD signal were computed using a General linear model (cf. Fig. 1 ).
Group analysis
The rate of IEDs on the surface EEG ranged between 1 and 2.5/min in all patients during recordings and facilitated a balanced design for the group analysis [20] . The spatially normalized maps from the correlation estimation of the HC to the IEDs corresponding to left MTLE patients were right-left flipped (patient 5, 6, 10), such that the hemisphere ipsilateral to the SOZ zone is the right hemisphere in the stereotactic space. A single t-contrast image was generated per subject from the single-subject level and the map used to inform a second level (group effect) analysis to test for any common pattern. HCs at the group level were evaluated using a one sample t test. HC clusters were considered significant at an uncorrected statistical height threshold of t C 2.6 as applied in two recent group analyses of EEG/fMRI recordings [18, 32] . Correction for multiple comparisons at p \ 0.05 was done by spatial extent thresholding with a cluster sizes of 38 functional voxels (1,026 mm 3 ) calculated according to Forman et al. [19] using the spatial extent thresholding plug-in of BrainVoyager. Overlays of HC and rGMV were computed in MNI space and quantified using the dice similarity coefficient (DSC) [31] .
Results
Clinical data, EEG and structural imaging findings have been summarized in Table 1 . All patients enrolled in the study presented with lesional MTLE proven by high-resolution MRI. Nine patients had a hippocampal sclerosis, seven patients within the right hippocampus, two within the left. One patient had a midtemporal cortical dysplasia of the left amygdala and hippocampus. Mesiotemporal seizure onset was proven by ictal semiology, video-telemetry and the presence of a structural lesion in all patients. Eight of 10 patients underwent epilepsy surgery (selective anterior amygdalo-hippocampectomy in seven, anterior temporal lobectomy in one). Seven patients were seizure-free (Engel class Ia) after surgery; one patient (patient 7) had rare disabling seizures classified as Engel class II. Mean followup after surgery was 39 months (range 22-64 months).
HC correlated with interictal epileptic activity Spatial extent and topography of the group-wide HC are displayed in Table 2 and in Fig. 2 . The largest BOLD clusters were detected along the insula (MNI coordinates, 41; -12, 2) and the fusiform gyrus (30, -39, -23), the superior temporal gyrus (56, -6, -6) and anterior limbic lobe (37, -23, 26) including the hippocampus, insula and subcortical nuclei ipsilateral to the SOZ. The most significant BOLD response within the group was detected in the fusiform gyrus ipsilateral to the SOZ (30, -39, -23) . Bilateral HC were detected in the anterior cingulate gyrus (8, 15, 22) . In the contralateral hemisphere, activations were detected in the insula (-41, -12, 2) and superior temporal gyrus (-50, 0, 1), occipital lobe (-24, -73, 7) and posterior cingulate gyrus (-10, -16, 35) . No HC was detected in the contralateral mesiotemporal lobe, in the corrected and uncorrected data. All clusters showed a positive BOLD correlate, whereas no deactivations were observed on the group level.
Brain areas with structural abnormalities and hemodynamic correlates to IEDs
In MTLE patients compared to gender and age matched healthy controls, there was a significant reduction of rGMV ipsilateral to the SOZ in the middle temporal gyrus (47, 6, -38) , inferior temporal gyrus (48, -13, -31) and uncus to the hippocampus (25, 0, -40) , the insula (34, 12, -8) , the posterior cingulate (14, -49, 23) and the anterior lobe of the cerebellum (13, -46, -31) . A spatial overlap between rGMV reductions and HC was detected ipsilateral to the SOZ along the mesial temporal/limbic network including the hippocampus (26, -3, -21 ), temporal pole (46, 6, -33), superior temporal gyrus (52, -6, -8) and the posterior insula (37, -4, -6) . Within the posterior cingulate gyrus, the lingual gyrus rGMV reductions were within the same sublobar regions as the HCs. No rGMV were found within the contralateral hemisphere along brain areas with responses to IEDs (the anterior cingulate gyrus insula and superior temporal gyrus, occipital lobe and posterior cingulate gyrus). The set agreement (DCS) between the functional and the structural clusters was 6.5 % on the whole brain level. On the single cluster level, the spatial overlaps were restricted to the hemisphere that encompassed the SOZ. Overlaps were detected between four out of 10 functional clusters and three out of five structural clusters with DSC varying between 0.5 and 33.1 %. The distribution of the brain regions with decreased rGMV are summarized in Table 3 and Fig. 3 the overlap of functional and anatomical changes in Table 4 .
Discussion
Generation and spread of focal onset epileptic seizures involves a large network of brain areas that extend beyond the SOZ. The aim of this study was to investigate spatial patterns of HCs associated with interictal epileptic activity in relation to cortical rGMV alterations in a group of lesional MTLE patients. There are two key findings: (1) HC to IEDs beyond the SOZ are detected in brain areas along cortical networks that are expected to be involved based on clinical seizure semiology (the medial temporal/limbic network, the superior parietal/frontal network and the medial occipital/ lateral temporal network) and (2) rGMV reductions are found within these networks in the mesiotemporal lobe, the temporal neocortex, the insula and the posterior cingulate cortex overlapping with hemodynamic changes. To our knowledge, this is the first study that investigated rGMV and HC associated with interictal epileptic activity within the same cohort of lesional MTLE patients.
Recent studies on interictal EEG/fMRI recordings have demonstrated that multifocal HC time-locked to IEDs exhibit a signature that might be characteristic for distinct focal epilepsy syndromes [18] . All patients in our series presented with HC linked to IEDs within the hippocampus corresponding to the surgically proven SOZ in 8/10 patients and presumed SOZ in 2/10 patients based on the concordant semiology, ictal telemetry and unilateral hippocampal lesion. The HC extended into the ipsilateral temporopolar and bilateral laterotemporal necortex and insula. The hippocampus and ipsilateral insula, temporopolar neocortex and lateral temporal lobe are strongly functionally interconnected during ictal and interictal states [1, 3, 39] and constitute the medial temporal/limbic network involved into the formation of the affective dimension and oro-alimentary behavior in MTLE seizures [21] . Perfusion increase and functional connectivity during focal seizures with oro-alimentary behavior has been demonstrated in the ipsilateral hippocampus, the insula and the temporal pole with widespread extension along the posterior temporal lobe and cerebellum in patients with MTLE [53] . The interictal analysis in the current study suggests that these areas are similarly functionally connected during seizure-free periods. Fig . 2 Group analysis of EEG/fMRI in 10 patients with MTLE (t-map at t [ 2.6 and additional cluster size threshold resulting in p \ 0.05 corrected for multiple testing). Hemodynamic correlates linked to IED are detected along the insula and the fusiform gyrus, the superior temporal gyrus and anterior limbic lobe, the anterior cingulate gyrus and contralateral in the insula, superior temporal gyrus, occipital lobe and posterior cingulate gyrus
The superior parietal/frontal network incorporates the hippocampus, ipsilateral cingulate cortex and precuneus. Recent literature postulated that posterior midline cortex constitutes the core hub within the default mode network (DMN) of the human brain, with strong connections to the ventral medial prefrontal cortex/anterior cingulate cortex and inferior lateral parietal [13, 28, 36] . The superior parietal/frontal network is connected with the mesiotemporal structures and involved in memory processing and awareness in the physiological state and may be responsible for impaired consciousness during propagation of epileptic seizures [6, 50, 51] . We found bilaterally distributed HCs in the cingulate cortex and inferior lateral parietal cortex. The involvement of the posterior part of the DMN in MTLE has been consistently reported by previous EEG/fMRI studies [18, 32, 35] . Our study detected activations in bilateral posterior cingulate (-10, -16, 35) , which is in contrast to previously reported deactivations. Under physiological conditions the hippocampus and the posterior DMN show positive functional connectivity [28, 51] . In idiopathic generalized epilepsy, positive BOLD correlates in the DMN occurring prior to IEDs and negative BOLD correlates simultaneously to the IEDs are observed, suggesting a role of the DMN in preparation/genesis of epileptic seizures [4] . However, cortical BOLD correlates in idiopathic generalized epilepsies may be positive or negative, potentially representing different underlying pathophysiological traits [9] . In MTLE the different polarity of BOLD correlates in the DMN observed in the different studies may, as well, represent different propagation properties of epileptic activity within an epileptic network of MTLE. The role of the DMN in focal epilepsy remains to be further elucidated.
Among the structurally altered brain areas in temporal lobe epilepsy the occipital lobe, cerebellum and posterior Fig. 3 Group analysis of the VBM analysis in 10 patients with MTLE (t-map at t [ 3.1 and additional cluster size threshold resulting in p \ 0.05 corrected for multiple testing). Abnormalities of relative grey matter volume are detected in the middle temporal gyrus, inferior temporal gyrus and uncus to the hippocampus, the insula, the posterior cingulate and the anterior lobe of the cerebellum temporal lobe are core structures for tasks that require intense information processing abilities [55] . These areas include a physiologically active alertness network that prepares the brain for sensory stimuli and maintains this high level of readiness. Neuronal damage within these regions has been demonstrated to affect physiological network circuits of memory and alertness and may result in deficits of intelligence, memory, and vulnerability to psychiatric disorders in MTLE patients [55] . Increased HCs to IEDs were similarly detected in our study within core structures of the alertness network in the fusiform gyrus and cerebellum and reduced rGMV in the ipsilateral occipital lobe. The same areas, especially the ipsilateral lingual gyrus and cerebellum have been consistently identified to be active during ictal studies [53] . The involved cortices lie along the occipito-temporal connections supplied by inferior longitudinal fasciculus [10] , suggesting a direct propagation pathway from the anterotemporal to the occipital lobe. The structural analysis revealed a pattern of rGMV reduction within the ipsilateral mesial temporal lobe, the insula, anterior temporal and posterior temporal cortices, precuneus and posterior cingulate gyrus. Several studies that investigated the extent of grey matter changes in patients with MTLE have consistently identified grey matter atrophy in the mesial temporal lobe and temporal neocortex [5, 7, 16, 30, 42, 44, 45] . Widespread rGMV reductions along cortical structures that form an ipsilateral medial temporal/limbic network, a medial occipital/lateral temporal network and a superior parietal/medial frontal network functionally connected to the hippocampus have been identified previously [10] along with altered ictal metabolism [28] . The spatial overlap between rGMV reductions and interictal functional activations in the limbic structures within the ipsilateral temporal lobe and adjacent neocortical structures provide further evidence that these regions play a role in seizure spread and evolution of mesial temporal lobe seizures [3] . This is in keeping with previous studies that demonstrated that grey matter alterations in the mesial temporal lobe may influence functional connectivity in remote regions, indicating that ''morphology impacts function in MTLE'' [52] . The quantitative overlap of functional and structural cluster did not reach similarly high values as reported in methodological papers comparing different analysis techniques on the same data set [11, 31] , but is in line with overlay measures between different modalities [34] . In MTLE there is converging clinical and neurophysiological evidence, that functional changes occur beyond the structural modification [17] and cortical abnormalities may influence the metabolic functioning [43] . Both epilepsy specific aspects may contribute to the low DSC values in the present study. Due to the small number of patients enrolled into the study, we could not examine differences between left and right sided MTLEs, and cortical abnormalities in MTLE within the precentral and postcentral neocortex as described in previous work [5] were not detected in our series, presumably due to the small sample size for VBM studies. Future work may integrate individual seizure semiology into the functional and structural network analysis; here, differences would be expected if temporal epilepsy with neocortical SOZ would be included.
In summary, we have demonstrated that HC to IED in MTLE include widespread areas along the medial temporal/limbic network, the medial occipital/lateral temporal network and the superior parietal/medial frontal network. The spatial distribution of functional activity overlaps with cortical abnormalities notably in the medial temporal/limbic network ipsilateral to the SOZ indicating that chronic alterations of brain activity are linked to widespread structural changes. Our data further support the concept of MTLE as a disorder of correlated large-scale functional and structural networks.
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